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Introduction
Quantum information technology (QIT) may revolutionize computing and communication by allowing the solution of problems that current computers are inefficient in solving, such as nonpolynomial (NP) algorithms, ultimately secure communication and modeling of many-body systems [1] . The negative nitrogen-vacancy (NV − ) color center in a single-crystal diamond is an attractive candidate for solid state QIT [2, 3] . The NV − ground spin-triplet state can be read out optically, manipulated by microwave and polarized at room temperature. In addition, it shows extremely long life and coherence time (T 1 and T 2 ). These make NV − a promising platform for quantum information storage and computation [2] . Single-and two-qubit operations with NV − were demonstrated by several groups [4] - [7] ; however, they relied on a dipole-dipole mechanism operating at a distance lower than 50 nm. Since controlled creation of NV − to form interacting qubits in a certain location is beyond today's technological capabilities, these successes in quantum computation shall be attributed to an extensive search procedure in a 'hunt' for adequate color center/nuclei configuration. Since the interacting elements are randomly distributed in space, extending this approach to many-qubit manipulation is expected to be a challenge [8] - [10] . Therefore, instead of the search for an adequate qubit configuration, an architecture that will allow controlled interaction between certain qubits will be beneficial. In addition, quantum processing imposes two contradictory requirements: the qubits must interact to perform the computation, while their pre-and post-computation interactions shall be reduced to minimum to allow efficient quantum data storage. To accomplish this quantum architecture, the following conditions shall be satisfied: (i) qubits shall be positioned sufficiently far from each other to reduce inevitable decoherence (the actual length scale will be set by the photonic design discussed below); (ii) the interaction shall be carried out by photons, which is the practical way to implement many-qubit entanglement essential for quantum algorithm realization; (iii) there must be a mechanism to switch off the qubit-qubit interaction, allowing efficient data storage in the pre-and post-computation periods (see for example [11] ). These conditions, if satisfied, allow an ultimate increase in the number of NV − involved, thus paving the way to a true large-scale integration of QIT. One attractive way to implement this is in a photonic architecture, where each qubit (the NV site in diamond) is registered within a high-Q cavity, and the cavities are optically interconnected via waveguides [2, 12, 13] . A very convenient choice for implementing such an architecture is in a photonic crystal (PC) configuration, where the cavity and waveguide structure can be defined and fabricated, thus [26] . (c) Spectrum modification resulting from the implantation process. In the inset, an unprocessed diamond spectrum is shown [27] .
allowing the interconnection between certain qubits. The control over NV − coupling to the cavity and, as a result, over the interaction with another qubit via the waveguide may be realized by the Stark effect [14] . The single-qubit transition between the upper and the lower spin state is possible by applying microwave radiation pulses at 2.88 GHz. These produce Rabi oscillations between m s = 0 and, for instance, m s = −1 states (note that the quantum state is encoded either into m s = 1 or m s = −1, while the degeneracy between them may be relieved by applying a static magnetic field. Here, we have chosen the −1 state).
In the field of diamond photonics major progress has been made in recent years. Computational efforts led to ultra-high-Q nanocavity designs [15] - [19] and a nanocrystal high-Q cavity was demonstrated [20] . In addition, single nanocrystal diamond NV − coupled to a gallium phosphide PC cavity has been realized [21] - [23] . However, it should be mentioned that single crystal diamond, rather than nanodiamond would provide a significant advantage in reducing optical losses and scattering effects [20] . A photon source carved in a single crystal diamond in the form of vertical nanowires has been fabricated and characterized, thus showing the capability for precise patterning and deep ion etching with standard lithography 4 tools [24] . The nanowire geometry provides a non-cavity-based platform for coupling NV − emitted photons to antenna without vertical mode confinement, thus presenting a solution that does not suffer from fabrication problems discussed below. However, mode leakage into the substrate limits the potential Q of this system. The natural conclusion to be drawn from these early experiments is that the realization of interconnected high-Q cavities for QIT should be implemented on single crystal diamond, in the form of a two-dimensional (2D)-slab PC, thus requiring the formation of a free-standing membrane.
Diamond membranes were formed by a technique based on ion implantation damage. The diamond surface is irradiated with He + ions to produce a damage profile with precise dose versus depth-controlled distribution. The implanted sample is annealed at an elevated temperature. In regions where the damage is lower than a certain threshold, the diamond structure is recovered, while in the high damage layer, the diamond is graphitized, forming a sacrificial layer, which can be chemically removed. Since the sacrificial layer is buried under the low damage region, its etching leaves a free-standing diamond membrane [25, 26] . The results of such a process are shown in figure 1(a).
The membrane fabrication technology showed that for a thick membrane (with a thickness higher than ∼1 µm), the optical quality can be high [27] . However, for an ∼200 nm thick membrane needed for PC realization (see figure 1(b)) the unpatterned membrane displayed extreme optical losses and significant modification of the color center luminescence, as one can observe from figure 1(c) [26] - [28] . The disappearance of the NV − can be explained by residual damage due to the ion implantation causing quenching of the color center [29] . The optical degradation in the case of ultra thin membranes is believed to be related to the ionimplantation technique utilized in the membrane formation process. Until this technological obstacle is overcome, an alternative cavity design in a single crystal diamond, with the potential for a high Q is required. One possible solution is presented next.
Triangular nanobeam double barrier cavity
We consider first a 1D structure, in the form of a waveguide along the z-axis. The cross section of the waveguide is of sub-micron size, and physically separated from the substrate (thus forming a 'bridge' or a 'beam'). We call the structure a 'nanobeam'. A 1D PC is formed along the nanobeam by a periodic array of grooves (a 1D Bragg reflector, with periodicity a). A cavity is formed in the nanobeam by a local variation of the periodicity along the beam. In this way, along the z-direction the cavity mode is confined by two 1D PC reflectors while in the xy-plane the mode confinement relies on total internal reflection (TIR). Nanobeam cavities were developed for various material systems, such as silicon [30, 31] , silicon nitride (Si 3 N 4 ) [32, 33] and silicon dioxide (SiO 2 ) [34] . The nanobeam was produced in those by patterning a preexisting membrane and therefore has a rectangular cross section, while the 1D PC is defined by circular or rectangular holes with a constant spacing. Since the formation of a membrane on single crystal diamond is to be avoided because of its immature process technology, we seek an alternative geometry allowing the formation of a nanobeam separated from the substrate. One way to solve this problem is via nanobeam membrane formation by either side milling or relocation, producing a rectangular cross section as is discussed in [19] . Another possible option, the triangular-shaped cross-section nanobeam cavity design approach, is introduced herein.
The proposed geometry is shown schematically in figure 2(a) . The beam has a triangularshaped cross-section in the xy-plane and is directed along the z-axis. This profile supports mode guiding and induces preferential radiation into the upward direction. The beam is patterned with a series of rectangular grooves. The distance between the grooves is defined as the lattice constant a. The beam width and height are W and H, while the hole width and length are W x and W z . The hole depth is defined as h and it amounts to half of the beam thickness (H/2). In figure 2(b) , the waveguide dispersion curve calculated by a 3D finite-difference time domain (3D-FDTD) for the triangular cross-section beam is depicted. The grooves carved into the nanobeam induce an upward frequency shift of the modes, due to the reduced effective refractive index, producing a 'gentle' waveguide-based confinement.
Nanobeam fabrication
All fabrication processes, excluding essential debris etching, were performed in situ by focusedion beam (FIB) patterning (30 keV Ga ions), in a Strata 400 STEM dual beam (SEM/FIB) machine (FEI). Type Ib diamond of Sumitomo was used. The abundance of nitrogen and consequently a high concentration of NV centers produce a broad photoluminescence (PL) spectrum (570-800 nm). This allows the confocal micro-PL spectroscopy characterization discussed below. FIB milling strategies have been developed in recent decades in view of transmission electron microscopy (TEM) sample preparation [35] - [37] . In diamond, these strategies and lift-off techniques were applied to the formation of several photonic devices [19, 27] . FIB precise angular stage control enables milling at an arbitrary angle (θ ) to the sample normal (0
, as is shown in figure 3(a) . Here, the nanobeam grooves with a vertical cut at θ = 0 are milled at low current (98 pA) (see figure 3(b) ) and the triangular cut at θ = ±52
• is formed initially at a high FIB current (2.8 nA) (see figure 3(c) ). The thickness of the removed material around the nanobeam defines the vertical separation from the substrate, which amounts to H s ∼ 5 µm. Then, the edges of the triangular-shaped profile nanobeam are polished by a low beam current (98 pA). In this process, the final beam dimensions are defined ( figure 3(d) ). Eventually, the debris produced by the milling process redeposit close to the milling location is removed by etching in boiling HClO 4 /HNO 3 /H 2 SO 4 (1:1:1). The detailed nanobeam parameters are summarized in table 1. Note that after chemical etching the FIB implanted Ga ion resides near the milling surface. Secondary ion mass spectrometry (SIMS) shows that the maximum concentration of ∼10 22 ions cm −3 appears at a depth of 1-5 nm. Then, the concentration rapidly decays with an increase in depth (at a depth of 30 nm the decrease is of three orders of magnitude). The influence of this implanted layer on PL is discussed below. Ways of reducing this Ga concentration are under investigation.
Nanobeam cavity characterization
The nanobeam cavity is characterized via a confocal PL setup as shown in figure 4 . A continuous wave (CW) laser with a central wavelength of λ = 532 nm and an output power of 200 mW is figure 5 (a)) and modified by the cavity peaks. A confocal double-f pinhole system produces an improved spatial resolution. At this stage, the signal either enters the PL long-pass filter (which totally removes the excitation), fed into the monochromator for spectra readout by a cooled CCD camera or diverted via a retractable mirror into a vision CCD to observe the excitation point. The confocal PL spectrum taken from the nanobeam center is shown in figure 5(a) . In the same figure, the spectrum of the unprocessed diamond is depicted as a reference. We note that large vertical separation (H s ) ensures that the spectrum is obtained solely from the beam without being affected by the substrate radiation. The peaks on the cavity spectrum are marked with cyan arrows. The two lower peaks at the wavelengths of 571.8 and 577.1 nm may originate from the ion-beam implantation, which in agreement with our previous work may modify the spectrum [27] . Moreover, for thin nanobeams the 577.1 nm peak significantly increases, thus supporting the ion-beam peak origin. The nature of these peaks requires further investigation. The highest peak (658.8 nm) coincides with the knee in the unprocessed diamond spectrum, thus being disregarded in further analysis. Therefore, only the peaks at the region from 602 to 652 nm are analyzed. The Lorentzian fit of these peaks is presented in figure 5(b) . From this analysis the central wavelengths and quality factors are derived.
In table 2, the measured modes are summarized and compared to the FDTD calculations. The modes are divided by the magnetic field component (H y ) symmetry (even(E) or odd(O)) Table 2 . Nanobeam mode analysis. The measured modes are compared to the FDTD calculations and grouped in accordance with the H y field component symmetry (even, E, or odd, O) with regard to the x-and z-axes. The H y -field component and the electric field energy U E are calculated for each mode in the y = 0 and z = 0 planes, respectively. In the bottom lines, the calculated and measured values of mode wavelength and quality factors are presented. along the x-and z-axes. The calculated profiles appear in table 2. 4 As one can observe, the mode wavelengths are predicted with precision better than 20 nm and this precision improves with increasing wavelength. The quality factors are within the same order of magnitude as predicted by FDTD calculations, while the highest Q of 221 is obtained for the EO1 mode at a wavelength of 617.7 nm. This value is very close to the predicted one (Q = 274). The wavelength of the mode EO2 is 638.6 nm, which is only 1.7 nm higher than the NV − ZPL wavelength (637 nm). This peak presents Q = 170, which is adequate for the realization of a single spin room temperature readout [38] .
In figure 6 the spatial scan of the spectrum along the two axes of the nanobeam is presented. As one can observe, all the peaks appear at the cavity region and disappear towards the cavity edges where, naturally, unperturbed diamond spectra are obtained. A similar confocal scan has been performed in the vertical direction (y) to validate that the PL signal originates from the beam and does not result from the parasitic substrate-related signal.
High-Q nanobeam cavity
Experimental results of the triangular nanobeam cavity in a single diamond thus exhibit low values of Q. In order to achieve the strong coupling regime the cavity has to exhibit values µ|H | 2 ) density profiles in the y = 0 and z = 0 planes.
of Q higher than 3 × 10 3 .
5 To achieve this, we have modeled a modified version of the defect region in the nanobeam composed of 11 decreased lattice constant periods (D = 0.9 × a) and the thickness H = 1.65a, as is shown in figure 7(a) . The odd-even-symmetry mode (OE) profile is shown in figures 7(b) and (c). This cavity mode FDTD calculation shows Q = 22, 400 and V m = 1.8 × (λ/n) 3 , resulting in a Purcell factor of F cav = 950. This cavity design potentially enables us to realize the strong coupling regime essential for the advanced quantum computation scheme discussed in [2, 12, 13] . The ultra high-Q nanobeam design with Q ∼ 10 6 is further developed in [39] . Note that the nanobeam architecture for cavity-cavity coupling needed for the multi-qubit quantum computation scheme is less obvious than in the 2D-slab PC architecture, and is being considered for future research.
Nanobeam applications to quantum computation schemes
The realization of a low-Q cavity coupled to an NV − , described here, will allow fluorescence measurements for detecting a single spin. Ideally, narrow band laser excitation of m s = 0 ground state will produce a train of pulses characterized by a spontaneous emission time τ ∼ 13 ns, while for m s = ±1 a similar excitation is shelved at the 1 A state, producing a dim period characterized by a non-radiative decay of t = 250 ns. This view relies on 100% of the emitted photons being collected. If a practical collection efficiency of about 1% is considered, the dim periods become indistinguishable. When the NV − is registered into a low-Q cavity (Q ∼ 200), the detection process benefits simultaneously from two factors: Firstly, all photons are emitted in the cavity mode with a preferential emission into the upward direction. As a result of that, 5 
NV
− strongly coupled to the cavity shall satisfy g κ, γ ⊥ , where g is the Rabi frequency, given by
) κ is the cavity mode decay rate (κ = ω 0 /(4π Q)) and γ ⊥ is the NV − dipole decay rate. the collection is improved by an order of magnitude since in triangular cross-section nanocavity an upward power flux in the +y-direction may be 20 times higher than the lower power flux in the -y-direction [39] . Secondly, the spontaneous emission rate of the radiative transition in the cavity is modified by the Purcell effect [40] :
where n is the slab refractive index and 0 is the bulk spontaneous emission rate. This weak coupling causes a significant increase in the spontaneous emission rate (considering V m = 2 × (λ /n) 3 and Q ∼ 200, F cav ∼ 7.6), while leaving the shelving time intact. Therefore, spin state measurement can be carried out in a relatively small number of excitation cycles, while its visibility is improved by a factor of ∼76 (considering the collection efficiency). The detailed analysis of this non-demolition measurement for the waveguide cavity integrated scheme is given in [39] . In addition to the single-spin characterization, the weak coupling regime can tremendously benefit single-photon sources for the same reasons. Thus, the realization of a relatively low-Q cavity coupled to a single-NV center has an immediate impact on quantum non-demolition measurement and quantum devices.
Summary
We have introduced a novel nanocavity design based on the triangular cross-section nanobeam. Low-Q cavities were fabricated on single-crystal diamond. The fabrication process avoids the detrimental effect of ion-implantation damage to form a membrane. This concept can, in principle, be realized via electron-beam lithography followed by dry etching, enabling a better precision in the patterning. The nanocavity shown here was fabricated on Type-Ib diamond enriched with nitrogen using FIB. Further control of the cavity fabrication process and a deeper study of the fabrication method (FIB) influence on a single-NV center spin coherence is needed before a single-color center coupled to the nanobeam resonator is produced.
